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The stainless steel SS-304 is used to produce turbine blades in some of the hydraulic power
plants. It has excellent corrosion resistance and forming characteristics. In the present
investigation, the nickel based clads were developed through microwave energy using
domestic microwave oven equipped with 900 W power at 2.45 GHz frequency. The devel-
oped  clads were characterized through optical metallography, scanning electron microscope
(SEM), energy dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD) and porosity.
Microstructure study revealed that microwave clads are free from visible interfacial cracks
and  porosity is signiﬁcantly less at approximately 0.87%. The various complex metal car-
bides and intermetallics were found through XRD analysis. The distribution of metal
carbides and intermetallics are the clearest indication for the improvement of hardness.
The average microhardness of the developed clad surface is 364 ± 70 HV.
RD ©  2016 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
Editora Ltda. This is an open access article under the CC BY-NC-ND license (http://
surface of stainless steel components can be a plausible.  Introduction
n the present scenario of high speed machines, working
nvironments are detrimental to the component materials.
tainless steel (SS-304) has excellent corrosion resistance and
as great utility as an engineering material in various appli-
ations like food processing industries, chemical plants and
eat exchangers. The components which are in contact with
ach other undergo loss of energy and lead to reduce the life of
he component due to corrosion, wear and tear. The surface
oating method has acquired the attention of tribologists of
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rticle  under the CC BY-NC-ND license (http://creativecommons.org/liccreativecommons.org/licenses/by-nc-nd/4.0/).
the entire world for improving surface resistance to wear and
corrosion by surface modiﬁcation.
The problem can be reduced by enhancing the surface
properties of the functional components that seem to be a
costly solution. The austenitic stainless steel suffers severe
metallic wear due to the formation of strong adhesive junc-
tions. Hence, it is generally not recommended in potential
wear applications. However, achieving a modiﬁed functionalom (M. Srinath).
solution in many  situations. Commercially, many surface
modiﬁcation techniques like tungsten inert gas (TIG) surfac-
ing, thermal spraying, and laser cladding are in use over the
iation. Published by Elsevier Editora Ltda. This is an open access
enses/by-nc-nd/4.0/).
 n o l 
(specimen enclosures) to conﬁne the ﬂame generated due to
microwaves contact with metals and for maximum utiliza-
tion of microwave energy. Initially to raise the temperature
Table 1 – Nominal chemical composition (wt.%) of the as
received materials.294  j m a t e r r e s t e c h
years. Now-a-days, thermal spraying is a most widely used
surface enhancement technique, due to its cost effectiveness
and exceptional wear resistance. TIG surfacing based welding
technique provides a good metallurgical bond with the sub-
strate, but excess dilution can lead to severe deformation of
the substrate. In order to improve the limitations of TIG sur-
facing, electromagnetic energy in the form of laser is used.
Laser cladding process is used to deposit wear resistant and
hard alloy layer, with minimum dilution on a soft substrate.
This technique is attractive in industrial applications due to
the beneﬁts of high power density and low heat input and
also has good metallurgical bonding with substrate. It has
some limitations like residual stresses, presence of porosity
and development of high thermal stresses due to high thermal
gradient. The conventional process is used to develop clad;
that contain semi molten powder particles because of which
microstructural defects like porosity and cracks are compara-
tively more  [1,2].
Recently, microwave cladding has emerged as a new
processing technique for surface modiﬁcation to resolve
the limitations of laser cladding. The microstructure of the
microwave clad transverse section revealed good metallurgi-
cal bonding with the substrate by partial mutual diffusion of
constituent elements, which has less thermal distortion and
uniform structure attributed to volumetric heating. The clad
developed through the conventional process has less bonding
strength than microwave cladding [3–6]. The superior property
achieved in microwave processing is due to the volumet-
ric heating which causes uniform microstructure. However,
the uniformity and adaptability of microwave energy in the
processing of metallic material is challenging, because the
coefﬁcient of metals for the microwave absorption at 2.45 GHz
radiation is signiﬁcantly less at room temperature [7,8]. The
porosity of coating developed through thermal spraying tech-
nique could decrease the resistance of corrosion [9]. The
excellent sintered density was obtained with an exposure of
microwave radiation for 30 min  at 1200◦ C.
In the early 2000, the ﬁrst report was generated on
microwave sintering of metallic material with different
composition [10]. Thereafter, several authors have reported
sintering of metallic materials through microwave heating
[11–16]. Mendez et al. [17] reported enormous amount of work
on welding technology for wear resistance on different mate-
rials. However, laser cladding has been approved by many
industries; it is one of the best preferable surfacing tech-
niques to enhance the surface properties of the material under
investigation [18,19]. It is observed from the study; the laser
cladding process required more  initial setup costs and uncon-
trolled defects like porosity, high distortion and developed
cracks during operation. Very recently, the microwave appli-
cation in the area of claddings has been explored by many
researchers [20–26]. The clads developed through microwave
energy has very less porosity and smaller defects like crack
free solidiﬁcation, which effects on improved mechanical
properties of material surface under investigation. The mate-
rial processing through microwave energy leads to reduction
in processing cost, less energy consumption and time. Gupta
and Sharma [27] reported the development of Ni based clad
on austenitic stainless steel with excellent metallurgical bond
with cellular morphology. It shows the various intermetallics. 2 0 1 6;5(4):293–301
like FeNi3, NiSi were formed during microwave hybrid heat-
ing. Sharma et al. [28] reported joining of metallic materials
by using a domestic microwave applicator with 2.45 GHz
frequency at 900 W power. Srinath et al. [29] addressed cop-
per joining through microwave energy. Very recently Badiger
et al. [30] reported the successful joining of Inconel-625 alloy
through microwave hybrid heating technique. Nickel based
powder was used as an interface material between the joint.
Yahaya et al. [31] addressed the beneﬁts and importance of
microwave hybrid heating system in material process. The
idea of using susceptor was focused and reported the bene-
ﬁts for the processing of material with a single energy source
gives effective and convenient rates.
The present investigation is aimed at development of Ni
based microwave cladding on stainless steel substrate (SS-304)
using a domestic microwave oven.
2.  Materials  and  investigation  procedure
In the present study, the most popular hard facing alloy of
nickel based powder, having a particle size of 40 m has been
used to develop microwave clad on stainless steel (SS-304), the
microstructure of the substrate is shown in Fig. 1(a). Fig. 1(b)
shows a typical scanning electron microscopic image  of nickel
based powder. The XRD spectrum of the nickel based powder
(Fig. 2) shows the dominant presence of Ni (2; 44.24◦, 47.02◦,
51.6◦, 55.2◦, 92.8◦ and 98.34◦), Si (2; 37.86◦, 40.01◦, 46.66◦,71.2◦,)
and Cr (2;  36.3◦, 42.16◦, 48.7◦, 56.3◦).
The substrates were machined to a different size
of the ﬂat steel plate (SS-304) (for example a size of
30 mm × 30 mm × 6 mm,  and 60 mm × 25 mm × 6 mm).  The
Clads were developed through microwave radiation at a fre-
quency of 2.45 GHz with exposure time of about 20–25 min  in
a domestic microwave oven. The oven has great popularity for
less temperature applications and especially for heating food
items. The research area extended by Gupta and Sharma [21] in
the use of a microwave oven to a high temperature application
for various purposes. An energy dispersive X-ray spectroscopy
(EDS) was used to evaluate the chemical composition of the
clad powder and the substrate. Table 1 highlights the chemical
composition of SS-304 and nickel based powder.
The desired ﬂat substrate was cleaned with alcohol prior to
deposition; the nickel based powder was preheated to remove
any possible moisture content. The powder was placed manu-
ally on the substrate SS-304 by maintaining an approximately
uniform thickness. The experimental trials were conducted
in a domestic microwave oven with the help of Al2O3 shieldElements Fe Cr Ni P C Si Mn
SS-304 Bal 18–20 8–10.5 0.45 0.08 1 2
Clad powder – 0.17 Bal – 0.2 2.8 –
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a b
Spherical shape
particles
200 µm
Fig. 1 – SEM image shows (a) microstructure of the substrate (SS-304) and (b) typical spherical morphology of Ni based clad
powder.
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Fig. 2 – A typical XRD spectrum of raw nickel based clad
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Fig. 3 – Schematic diagram of experimental setup used to
imens were immersed in etchant for about 15 s. The polished
clad samples are shown in Fig. 4(b).
Table 2 – Exposure time with microwaves effect on
substrate (60 mm × 25 mm × 6 mm).
Trial
number
Exposure
time (min)
Observation
01 10 Powder particles were not melted,
no cladding
02 15 Partially melted powder particles,
poorly bonded to the substrate
03 20 Better melted powder particles,
but poorly bonded to the substrate
04 25 Better melted powder particles,owder.
f powder particles, a highly microwave absorbing material
s a susceptor was used to absorb microwaves. Finally the
replaced powder was melted by microwave hybrid heating.
he hybrid heating technique was developed by researcher
32–34] for the complete utilization of the heat ﬂow source of
icrowave and conventional heating process. In microwave
ybrid heating a charcoal powder (susceptor) and a very thin
raphite sheet was used. The graphite sheet acts as a separator
etween susceptor and the preplaced powder on the substrate
o avoid possible contamination of the clad. The experimental
etup is shown in Fig. 3. The temperature and heat measure-
ent of the cladding process is a very complex phenomenon
n a domestic microwave oven. Hence, the experiments were
arried with alternating time between 20 to 25 min  in a step
f every 05 min. The duration of microwave exposure and its
ffect are tabulated in Table 2. Finally the clads were devel-
ped with approximate 1 mm thickness and allowed to cool
t normal room temperature. The developed clad samples are
hown in Fig. 4(a).
.1.  Surface  characterization
he developed clads were subsequently cleaned thoroughly
ith acetone in order to proceed for the characterization.
he developed clads were sectioned along the clad thickness
sing a low speed diamond cutter (Model: BAINCUT – LSS,develop clad.
Make: Chennai Metco, India). The developed clads were
polished using standard metallographic techniques, then
ﬁnally cleaned with water and dried in hot air. Marble etch-
ing (CuSO4 + HCl concentrated + H2SO4 + Few drops distilled
water) is done prior to the microstructure analysis; the spec-good metallurgical bonding with
the substrate
05 30 Clad sample begins to melt
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 microwave clad samples and (b) polished samples.
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To identify the phases formed on the developed surface, the
XRD test was carried out at room temperature in a Bruker AXS
diffractometer with Cu-K -radiation. The scan rate was used
1◦ min−1 and the scan range was from 20◦ to 100◦. The cross
section and surface morphology of the clads were observed
through a scanning electron microscope (SEM). The chemi-
cal composition of the developed clad was analyzed through
energy dispersive X-ray spectroscopy. Porosity in the devel-
oped clad surface was measured through an image  analysis
software (Envision 5.0 version) tool using optical microscope.
The microhardness tester (Mini load, Leitz, Germany) was
used to measure the hardness at a load of 50 g for 10 s. The
distance between two  successive indentations of 125 m was
maintained for the measurement of Vicker’s microhardness
and ﬁve indentations were carried out along the clad section
and the mean was considered.
3.  Results  and  discussion
The nickel based microwave clads were developed on
austenitic stainless steel (SS-304). The developed clad shows
good metallurgical bond with the substrate and the various
characteristic studies of the developmental clads are summa-
rized in the following sections.
3.1.  Observation  of  XRD  spectra
The XRD spectra of the developed clad is shown in Fig. 5.
The XRD proﬁle clearly reveals the presence of chromium car-
bides (Cr23C6 and Cr3C2), NiSi, nickel carbide and FeNi3 on the
developed clad. The highest peak corresponding to 2 = 44.49◦
indicates the formation of iron nickel. Peaks of chromium car-
bides (Cr23C6 and Cr3C2) corresponding to 2 = 29.14◦, 64.8◦,
92.92◦ were also observed. Further, the peak correspond-
ing to 2 = 38.16◦, indicates the formation of nickel silicide
with signiﬁcant intensity; while other peaks of intermetallics
have relatively less intensity. During the cladding process the
microwaves interact with the substrate and leads to form
FeNi3 and chromium carbides by the partial mutual diffusion
of Fe and Cr from the substrate. The major portion of the clad
constitutes chromium carbide, which is due to the free car-
bon (present in Ni based raw powder) reacted with chromiumFig. 5 – A typical XRD spectrum of the microwave clad.
during microwave irradiation. Another important observation
is at the beginning, Ni based raw powder was free from iron,
shown in Table 1, during microwave irradiation the Ni ele-
ments got diluted with iron from the substrate and formed
FeNi3 intermetallic related to the peak (2  = 44.49◦).
The different phases from the observed XRD spectrum of
the clad surface (Fig. 5) were further analyzed through peak
intensities of the particular phases. The calculated values for
the deﬁned phases are tabulated and shown in Table 3. Nor-
malized intensity ratio (NIR) of the ﬁrst phase in the enhanced
material is calculated using the Eq. (1) [35]:
NIRa = Ia − Iback
Ia + Ib + Ic + Id + Ie + If − 6Iback
(1)
where Iback is the background intensity, Ia, Ib, Ic, Id, Ie and If
represents the intensities of the particular phases of the XRD
spectrum accordingly ﬁrst, second, third, etc. The similar com-
putation was carried out to determine NIRb, NIRc, NIRd, NIRe,
and NIRf phases. In the calculation the highest peaks of the
clad spectrum were considered. These include the peak FeNi3
corresponds to 2 value 44.49◦ and Cr23C6 (2 = 92.92◦), Cr3C2
◦ ◦ ◦ ◦(2  = 64.8 ), FeSi (2  = 76.36 ), NiSi (2 = 38.16 ), NiC (2  = 77.94 ).
However, the normal intensity ratio values from Table 3,
do not represented the clear picture of the computed phases,
it enhances only the approximate amount of phase values.
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Table 3 – Phase intensities of Ni based clad.
S. no. Phase Ia Ib Ic Id Ie If Iback NIR (%)
1 NiC 495 – – – – – 250 6.1
2 Cr23C6 – 530 – – – – 250 7.0
3 Cr3C2 – – 560 – – – 250 7.6
4 FeSi – – – 575 – – 250 8.0
5 NiSi – – – 
6 FeNi3 – – – 
Carbides
Pores
50 µm
Grains
Fig. 6 – Optical micrograph shows the microstructure of the
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hus, during the cladding process through microwave irradi-
tion, roughly around 24% of nickel transformed into NiSi and
round 14% of chromium was moved to chromium carbide in
wo different phases (Cr23C6 and Cr3C2) as observed in the XRD
pectrum (Fig. 5). The intermetallics of FeNi3 were recorded
round 47.3%, as mentioned in Table 3.
.2.  Description  of  microstructure
he microstructure study of the clad material clearly reveals
he presence of different phases, porosity, structure, cell
oundaries, and constituents of various elements, etc. It
trongly inﬂuences the physical properties of the developed
ubstrate. Hence, the microstructure study of the developed
lad section was carried out through an optical microscope
Fig. 6) and ﬁeld emission scanning electron microscope is
hown in Fig. 7.
Microstructural observation provides information of differ-
nt structure, morphology, grain boundaries, and porosities of
he developed surface. The microstructure of an optical micro-
cope is shown in Fig. 6. It shows the white phase, dark phase
nd pores present in the microstructure. The EDS study con-
rmed white phase consists of Ni rich grains can be easily
tched and it is hard to etch dark region, which has hard car-
ides. During microwave hybrid heating, the powder particles
bsorb microwaves and leads to melting. This molten layer of
he powder particles also leads to melting off a very thin layer
f the substrate. Volumetric heating at the molecular level
hereby the entire volume of the exposed material is heated
imultaneously (volume heating). This causes the rapid heat-
ng of the exposed materials to elevated temperature with less
hermal gradient. There is no transition of cellular to den-
rites, which is one of the major signiﬁcances of the process
nd could be clearly observed in the microstructure is shown– 1225 – 250 24.0
– – 2170 250 47.3
in Fig. 7(a) and (b). This is due to uniform heating through-
out the bulk surfaces of the target material, which attributes
resultant mean temperature proﬁle along the entire volume
of the clad surfaces. However, this relatively uniform heat-
ing reduces the possibilities of non-uniformity in the resulting
microstructure.
It is worth mentioned here that, the formation of cellular
like structure takes place due to unstable liquid/solid inter-
face, when a solution of binary alloy temperature decrease
(solidify) with the occurrence of a less amount of constitu-
tional super cooling [36]. During microwave irradiation the
molten powder layer begins to spread toward the edges of
the substrate in the form of normal hexagonal grid like cells
as shown in Fig. 7(a). When microwave irradiation stopped,
there was no further heat addition to the layer, this leads to
losing of heat and a temperature reversal might occur. The cel-
lular structures are often reported to grow in the direction of
heat ﬂow. If an alloy system exhibits isotropic interface proper-
ties, the cellular growth direction is controlled by the heat ﬂow
direction, so that cells will grow in the direction of the maxi-
mum thermal gradient. Fig. 8(a) shows back scattered image  of
transverse section and the microstructure of clad cross section
shows (Fig. 8(b)) no transition of cellular to dendrites which
is attributed to volumetric nature of heating. Fig. 8(c) repre-
sents an interface region between clad surface and substrate
(SS-304) at 50 m.
3.3.  Elemental  study
The variation of elements in the clad substrate was observed
through energy dispersive X-ray spectroscopy (Fig. 9). The
chromium content in the clad surface was improved, mean-
while the percentage of iron content was decreased from
the interface to the clad surface. As it is already noticed in
Table 1, the Ni based raw powder is free from iron (Fe) and also
has 0.15–0.17% of chromium contents. Hence, the improved
chromium content in the clad surface is the clear proof for
the dilution of powder particles to the substrate (SS-304). The
XRD spectrum of the clad surface clearly reveals the presence
of FeNi3 and NiSi intermetallics in the substrate as discussed
in Section 3.1. It is found in the developed surface that the
chromium carbides were formed in two different phases like
Cr23C6 and Cr3C2, which is due to the improvement in the
chromium content of the developed clad surface. To determine
the elemental distribution in the cellular region the line scan-
ning through EDS study was carried out is shown in Fig. 10.
During the cladding process the iron and chromium got par-
tially diluted from the substrate, by way of convection current
of the melt pool which forced into the form of strong metallur-
gical bond. The carbon present in Ni based powder (Table 1)
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Grains
a b
Grain
boundaries
50 µm100 µm
 of thFig. 7 – Typical SEM image shows (a) grains
had reacted with diluted chromium and formed chromium
carbide. During solidiﬁcation process chromium carbides were
formed; which is due to the carbon had more  afﬁnity toward
the chromium than iron as observed in XRD analysis. It is
clearly observed in XRD analysis that FeNi3 and NiSi uniformly
distributed inside the cell regions. The microsegregation effect
of chromium (solute) in the region of the cell wall is due to
the fact that the value of partition coefﬁcient (K) is less than
unity (K < 1) from the binary phase diagram of Ni–Cr alloy. The
solute of chromium may interact with free carbon present
in the Ni based raw powder as well as might get diffused
from the graphite (separator) used during the cladding pro-
cess. Nickel is homogeneously segregated inside the cells.
The segregated chromium around the cell boundaries fur-
ther reacts with carbon and form chromium carbide. The
a
Interface region
Interface reg
50 µm
50 µm
b
c
Fig. 8 – SEM micrographs shows (a) BSE image of transverse sect
(c) interface region between clad powder and SS-304.e developed clad and (b) grain boundaries.
similar microsegregation effect was also observed by Gupta
and Sharma [27].
3.4.  Porosity  measurement
The tribological performance of the developed clad decreases
due to the presence of porosity. Thus, assessment of poros-
ity in the developed clad region is very essential. According to
ASTM B-276, the measurement of porosity was carried out in
different regions of the developed clad through an image  anal-
ysis software tool (Envision 5.0 version). The average porosity
of the clad was considered and was found in the range of
0.89%. The measured porosity of the developed clad was found
to be very less compared to well known cladding process like
laser cladding [37].
Clad surface
ion
Normal SS-304 Grains100 µm
ion, (b) microstructure of developed clad cross section and
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.5.  Microhardness  observation
ardness of a material is one of the most important factors,
hich inﬂuences wear performance of the material. Gener-
lly, increasing the hardness of components can enhance the
ear resistance ability, although the effect of hardness is not
traight forward [38]. The developed Ni based microwave clad
ross-section and the substrate was tested through Vicker’s
icrohardness tester [39]. The distance between two succes-
ive indentations was kept a constant value of 125 m.  The
istribution of the observed microhardness of the developed
lad surface is illustrated in Fig. 11. It shows the distribu-
ion of the obtained microhardness values of the developed
lad surface is not uniform, which is due to the presence
f various complex metal phases formed during microwave
rradiation.
The average microhardness of the developed clad surface
as observed to be 364 ± 70 HV, which is higher than the sub-
trate hardness (215 HV). It is observed from the proﬁle (Fig. 11)
hat hardness value increased from an interface region of the
Distance from top clad surface (µm)
Fig. 11 – Vicker’s microhardness distribution across a
typical section of developed clad.
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Chromium
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Clad
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Indentations
10 µm 10 µm
10 µm100 µm
Fig. 12 – The microstructure of SEM image shows typical Vicker’s indentations on (a) interface region, (b) intermetallics, (c)
substrate and clad region and (d) clad surface.
rclad surface, which is due to the formation of ﬁne grain size
and uniform crystal structure (Fig. 7). The hard chromium car-
bides were formed in two different phases like Cr23C6 and
Cr3C2, which is due to the improvement of chromium con-
tent in the developed clad surface, even intermetallics and soft
free carbon was observed in the XRD spectrum as discussed
in Section 3.1. These factors lead to increase the hardness
value of the developed surface than the substrate. However,
the microhardness at the interface region reduces to 251 HV,
which is due to possible intermixing of the elements from the
Ni powder and the substrate. Typical indentation morphology
of microhardness is shown in Fig. 12.
4.  Conclusion
The domestic microwave oven was used to clad the surface of
the substrate (SS-304). The developed clad regions were fur-
ther analyzed through various tests. The obtained results of
the present work are summarized as follows:
• Clads were established through electromagnetic wave
(microwave) as a novel surface engineering approach.
• The most popular hard facing alloy, nickel based pow-
der was used to enhance clad on metal substrate (SS-304)
through microwave hybrid heating.
• Through the controlled dilution of elemental (substrate
or/and clad) results show well metallurgical bonding of the
molten particles with the substrate.
• The developed clad exhibits reasonably uniform cellular
microstructure.• The developed clad shows segregation of iron and
chromium elements got mutual dilution from SS-304 to clad
during microwave irradiation.
• The volumetric nature of heating leads to form the vari-
ous phases like NiSi, FeNi3 and carbides of chromium and
intermetallics during microwave irradiation.
• The developed clad surface is free from microcracks and
pores, these are indication of good bonding between clad
and substrate (SS-304).
The average microhardness of the developed clad surface
(364 ± 70 HV) is more  than the unclad surface, which is due
to the formation of carbides and intermetallics as observed
in XRD.
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